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0.0 Abstract

The Satellite Attitude Dynamics Simulation and Control System (SADSaC)
project has two main objeétives. The first is to provide a visual demonstration of satellite
attitude dynamics. The second purpose is to be used as a learning tool by providing
actuator hardware for student analysis and design.

SADSaC is a 22” cube attached to a bearing on a 3’ pole that allows for near-
frictionless rotation about the vertical axis. Attitude control will be done using a dual
actuator system of a reaction wheel and gas jet thrusters. Tachometers and an absolute

optical encoder will provide sensing capabilities of satellite position and satellite and

" reaction wheel velocities.

This paper describes in detail the procedures used during design from conception
to operation, as well as the modeling and system tests that were necessary to ensure
proper operation. Documentation of engineering drawings, mathematical models and
component parts ensure easy duplication of SADSaC should the need for more than one
arise.

Observing the completed SADSaC system, one can see the control systems
battling different disturbance torques affecting the attitude of the spacecraft. Control can
be done through either gas jets or reaction wheel. Momentum dumping capabilities are
also through the gas jets. SADSaC is an excellent learning tool demonstrating real world

control and dynamics of spacecraft.
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1.0 Project Definition

1.1 Introduction

The Satellite Attitude Dynamics Simulation and Control System (SADSaC) is a
satellite attitude control system and dynamics simulator. Attitude control is necessary on
a satelli£e for pointing accuracy of antenﬁas, lenses or other instrumentation on board the
spacecraft. It can be maintained through many different devices called actuators. Tl;é
actuator that is used depends on the pointing accuracy needed. This accuracy can range
from a few tenths of an arc second as in the Hubble Space Telescope, to several degrees
for a simple communication satellite. Examples of actuators are reaction wheels, gravity
booms, magnetic torquers, and thrusters. The actuator causes a torque on the spacecraft
causing it to move in the desired direction. SADSaC uses two actuator systems: reaction
~ wheel and gas jet thrusters.

Sensors are the instruments by which the spacecraft determines its attitude. In a
sense they tell the actuators what to do. Like the actuators there are different types of
sensors for different pointing accuracy. Examples of sensors are magnetometers, sun
sensors and star Trackers to name a few. Magnetometers sense the earth’s magnetic field
along a certain axis by the current indﬁced‘ Star trackers and sun sensors look for a light
object in space. Star trackers sense the star field and compare with a star map. Both of
these sensors generate data for sensing attitude. One of the sensors used on SADSaC, the
absolute optical encoder, is not normally found on spacecraft. The absolute optical

encoder compares the satellite’s position to a fixed reference within the satellite.
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Tachometers onboard SADSaC measure the speed at which both the satellite and the

reaction wheel spin.
1.2 Project Objectives

1.2.1 Primary Objective:

The project’s intentions are to provide a visual demonstration of the
method by which satellites orient themseives given a command from a ground station,
correct for disturbance torque, and dump momentum from the reaction wheel. This \;fill
be a satellite dynamics and control demonstrator as well as a method for studying attitude
control for the USAFA’s Falcon Sat program

1.2.2 Secondary Objecti&e:

As an engineering project, this project’s objective is to provide a learning
tool for the designer in areas of control theory, the engineering development process and

hands-on experience in design.

1.3 Project Description

SADSaC is a 22” cube with plexi-glass sides and framed in aluminum.
The reaction wheel is mounted just inside the cube (satellite) on the top. On the side
corners, are mounted the gas jets for maximum torque about the axis of rotation. The
inside of the satellite contains all of the necessary equipment to operate the wheel and
jets. The satellite itself is allowed to spin about its z-axis, on a bearing mounted to a 30”
high stand. The stand is made of 3” aluminum pipe through which the necessary wiring
and airline are allowed to pass.' Also attached to this pipe and the rotating satellite, is the
optical encoder used to measure the angular position of the satellite from a fixed

reference. On the stand is an interface panel through which all of the commands are sent
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to the satellite. Above the interface panel is a digital voltmeter used to display the

angular position.
1.4 System Requirements

In order to meet the objectives of section 1.2, the following requirements
haQe been set. First SADSaC must have similar properties to that of Falcon Sat,
specifically the same external dimensioné and the same weight, thus producing a similar
moment of inertia. SADSaC’s movement will be limited to one axis by which it will
rotate a full 300° on a near frictionless bearing.

Movement will be done through dual actuator system of gas jet
thrusters system and reaction wheel system. The gas jets provide momentum dumping
capability for the reactipn wheel as well as a pointing mechanism, and the reaction wheel
turns the satellite according to the principles of conservation of momentum.

SADSaC will be positioned to within a +0.5° angular position. This will
be done by the design of both analog and digital control systems. To do this, the positién
of the satellite as well as the velocities of both the reaction wheel and the satellite must be
available in both digital and analog signals. Position will also be available on a digital
display.

The system will be easily portable. This mean SADSaC will be mounted
on casters that ensure smooth movement. All external hardware will be attachable to the
base while in transportation or Be on some other mobile unit such as the computer stand.

The above requirements all are intended to provide the user with a fast
simple set-up that is user friendly, while minimizing cost by using available‘ parts when

possible.
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1.5 Subsystems and Subsystem Requirements

1.5.1 Mobile Stand

The mobile stand is the part that holds the satellite part of the system off

- of the ground. It is composed of a 3” pipe mounted on four legs with casters. At the top

isa bearirig that allows the satellite to spin. The mobile stand is required to perform the
following functions. First and foremost, it must provide a stable support to the satellite
and easy mobility. The stand must also have a mountirig surface for the digital displz.lAy
and interface panel. The bearing mounted on the top must be a near frictionless rotational
interface for the satellite. Mounting of the satellite on the stand must be easy to assemble
and disassemble if necessary. The stand must also have a mechanical stop to limit the

movement of the satellite to 300°.
1.5.2 Satellite Structure

The satellite structure is the portion to the system that is intended to use
the same dimensions as Falcon Sat. Itis a 22” cube (Falcon Sat is an 18” cube) built
from aluminum with plexi-glass sides and top. This allows Vfor protection and visibility
of internal components. It must provide a rigid mounting structure for the reactioh wheel
system, gas jet system, power supply, absolute optical encoder and the encoder’s digital
to analog converter, as well as any necessary ballast to simulate the inertia of Falcon Sat.

There must also be an easy interface with the mobile stand.

1.5.3 Reaction Wheel System

The reaction wheel system is composed of the following components;
reaction wheel, 12V drive motor, tachometer and servo motor amplifier. The reaction

wheel system is required to provide an actuator for attitude control of the satellite and use
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the existing components from previous projects. It must also provide reaction wheel

velocity to the controlier.
1.5.4 Gas Jet System

There are eight gas jets mounted in pairs on the side corners of the
satellite. One jet per pair is for clockwise movement and the other is for
counterclockwise mévement. This is required to provide an attitude control actuator and
momentum dumping capability for the reaction wheel. It must run off an external air
source. The gas jet system is composed of the following components; eight solenoid
valves, air line and air ziccumulator/dispenser and jet control circuit.

1.5.5 Air Supply System

The air supply system is used for thrust when the gas jets are fired. It
must provide a constant source supply to the jets from an external air supply. It must be

available for SADSaC to run correctly.

1.5.6 Power

The power system provides electrical power to the electrical components
of SADSaC. The power supply runs off AC power from a standard outlet and provides
the following DC power for the subsystems; 28V @ 9.0A, 12V @ 10.0A and -12V @
10.0A. The servo motor amplifier also provides a regulated supply of +5V. A common
ground is provided to all systems via a ground bus.

1.5.7 Position and Velocity System

The position and velocity sensors will provide satellite angular position
and satellite velocity to the controller. Position is determined through an absolute optical

encoder, while velocity is provided from a tachometer measuring the rate of the satellite
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with respect to the stationary center pipe. There is also a difference circuit to make the
output from the encoder fit the user’s requirements allowing for a position output of
+180° vs. a range of 0° to 360°.

1.5.8 User Interface

The user interface is mounted on the mobile stand. It provides easy
interface for the following output signalsi satellite position, satellite velocity and reaction
wheel velocity, and the following input signal: reaction wheel command and gas jet
command. There is also an interface for the manual controller and several ports for
ground.

1.5.9 Manual Control

The manual control is a hand held remote control that allows a user to
attempt to control the satellite by hand. Commands for CW and CCW gas jet thrusters

and reaction wheel control are located on the manual controller.
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2.0 Specifications

2.1 Specifications for Non-COTS electronics

2.1.1 Introduction

For the SADSaC project, many of the parts are commercial off the shelf
products (COTS). Buying parts rather than building them saves money and time, in
addition to the fact that they have b.een. tested and proven to work according to the
manufacturer’s specifications. It was necessary, however to build two electrical circuits
from scratch. These circuits are the gas jet thruster controller and a circuit to subtract

1.800V from the analog position reading of the satellite.
2.1.2 Constraints

2.1.2.1 Gas Jet Thruster Controller

Using readily available electrical components a circuit must be designed to
take a command signal from either the user or the controller algorithm, recognize if it is
positive or negative (for clockwise or counter-clockwise motion) and determine if the
amplitude is enough to trigger the gas jets. A deadband must exist so that a small signal
will not cause the gas jets to turn on. This deadband must be adjustable for different
applications. If the signal is great enough the circuits will send a 12V, signal to the
solenoid valves causing them to open and allowing the air to pass through. The counter-
clockwise jets will be fired for negative signal and the clockwise jets will fire for a

positive signal.
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2.1.2.2 Difference Circuit

A circuit must be designed to take the output of the optical encoder (0.0V-

3.6V) and subtract 1.800V. Again the components must be readily available. The optical

~ encoder yields angular position in voltage, where 1.000V = 100.0°. For purposes in this

design, it is desired that the angular position reading is between -180.0° and +180.0°,

therefore a circuit must be designed which will subtract 1.800V for any input from the

optical encoder. The output from this circuit is the optical encoder output minus 1.800V.

SADSaC

2.1.3 Specification List

2.1.3.1 Gas Jet Thruster Controller

Size
Potentiometer
Relay

Power

Input

Output

57x5”x2” (max)
S0KQ - 10 turn
Potter & Brumfield RKA-11DZ-12

+12V @ 10.0A, +200mV & +100mA
+12V @ 10.0A, £200mV & +100mA

12V

+12V >8.5W, -4V

2.1.3.2 Difference Circuit

Size
Potentiometer

Power

Input

Output

27x37x.5” plus external pot.
20KQ - 20 turn

+12V @ 10.0A, £200mV & £100mA
+12V @ 10.0A, £200mV & +100mA

0.0-3.6V

Input-1.800V, +1mV

Page 9

05/14/98



2.2 Specifications for COTS Electronics

2.2.1 Introduction

As stated before, it is better to buy parts that are proven and easily

attainable. This section covers those electronic components that are available

commercia'lly off the shelf.

2.2.2 Specification List

2.2.2.1 Servo Amplifier

Size

Weight
Power

Peak Current
Bandwidth
Temperature
2.2.2.2 Voltmeter
Size

Power
Range
Accuracy

Temperature

SADSaC

2.987x5.097x.99”
100z

20-80VDC

t12A

2.5KHz

-25°Cto 65°C

1.5”x47x5” (max.)
120VAC, 60Hz, 2.5W
+20VDC

+.05% 3 digit

0to 50°C

Page 10
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2.2.2.3 Power Supply

Size 57%57x11”
Weight 121bs (max.)
Input Power 84-264 VAC, 47-440Hz
Output 28VDC @ 9A
10VDC @ 10A
10VDC @ 10 A
Ripple .1% of 10mV RMS

1% or 5SmV peak-té-peak
2.2.2.4 Satellite Velocity Tachometer

Size 2.5”D x 1”H (max.)

Weight 3.20z

Output | 16V/1000RPM

Supply Power 5.5-16 VDC (typical 12 VDC)
Supply Current ~.6mA

Shaft Speed 10,000 rpm (max. continuous)

For further details see Appendix C.

SADSaC
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3.0 Design Summary

3.1 Design Process

SADSaC will be designed to meet specifications in the most efficient, cost-
effective manner possible. Many items and activities will be done concurrently, with
completion dates being the same. For exémple, all parts should arrive at the same time
any internal circuits are finished so complete wiring can be done at once. The proceéé
will begin with designing the skeleton (See Section 3.4), while parts are ordered. The
skeleton will then be built while parts are coming in and circuitry designed. All parts will
then be mounted and wired appropriately, followed by a rigorous testing period where the
proper functioning of the system is ensured. With a functioning system, mathematical
modeling of the existing system will begin.

Mathematical modeling consists of looking at the system with respect to the
dynamics and equations of motion. This takes into account all of the expected
disturbances, the output of the sensors and anything affecting the system such as the
moment of inertias. The mathematical modeling process is covered in section 6.0.

Once a model is found, it must be verified. The transfer function of the model is
computer simulated using MATLAB and compared to the actual responses of the system.
A frequency .response is obtained by observing the reaction of the system while it
experiences a wide range of frequencies. Items specifically needed are the gain and
phase at each frequency. A transfer function can be obtained from the frequency
response and, again using MATLAB, the step response can be found and compared to the

model. The model should match the actual response of the system.
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The transfer function is important, because it shows how the system will react to
.certain inputs, as well as the zero and pole for the system. Now that the zero and pole are
known, the controller can be designed‘. For example, the PI controller, see Figure 3.1.1
below, (More detail Section 7.1.1), cancels out the zero and pole of the motor transfer
function, leaving only the gain of the motor system. All of the information is placed in
on a block diagram, so the final controllers can be built and tested. If the controller meets

the specs the project is finished.

— T ; °]
Ve | s+1 | Vi | —0079s 1|l efl1]e |1
s s+1 J, s s
\w—‘j
PI Controller

Figure 3.1.1: Function block diagram with PI controller.
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3.2 Wiring Diagram

3.2.1 Wiring Diagram for Satellite

| _GOND | 1
| _Thets 12 ¢
GND_ {3 B
NC 4
412y 2
[+12 VI 2 I CMD
H +12v — i i
B -u ACH GND 1) il
= Power Gas Jet Controller
‘ Supply 12y
Ii‘ +28v I 38
l CW | CW {CCW|CCW|NC
_|zq JJI
P2 1 2. 3 A L4
Ll +28 v power 1 l | '"i I
2| power GND Signal GND | 2
SA| Servo SA n
3| X I Amplifier 2 3 Sec details below.
4 | Rx motor + RxCMD | 4
5| Rxmotor - Signal GND{ § I
/
Rx Wheel Motor I 1 '
3 - 8
Rx Whee! Tachometer > > > 2 a a
a8 b] sl © | z]8
* Sat Tach
S1
To gas Jet Controller
{ 8 ]
lew cw _ccw cew we |
J12 (9-pin)

| | I 1

I l | I GND Bus
cwW1 cw2 Ccw3 Ccw4 I CCWI] 1 CCWZ! | CCWJI LCCWl]

Figure 3.2.1.1: SADSaC wiring Diagram. Shows the interconnection of electronic components located in
Figure 3.4.1.1.
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3.2.2 Interface Box

To back of display meter
C 14 1 ‘
Earth ground
Digital $at Pos (6+180°), RS232 |
T =
Phone line 2 to E 2 4 — {green) Ac
face panel p= g é f; AC in st Kl
FSEE Cord
RoEE or
25|Q
Difference Circuit | O|<| % Switched AC Power
(-1.8volts/180°) to Power Supply
L 15|
[ L[
I——-— Ac power for meter .

GND,

N GND (black)
Sat Pos (6+180°) (gray)
-12v (white)

Sat vel (@) (green/black)

Il

+12V (red)

Rx Wheel vel (Q) (green)
Gas Jet CMD (orange)

\ Rx Wheel CMD (blacK/orange)

Fixed Portion Wiring

Digital Sat 6

12
o
RS232 Connector E
(to interface box - fixed) P
=
13
{to interface box - fixed)
GND (black) O\
Sat Pos (6+180°) (gray) O
-12v (white)
Sat vel (@) (yellow)
Il +12v (red) O
Rx Wheel vel (Q ) (green) O
Gas Jet CMD (orange)
Rx Wheel CMD (brown)
Manual Control
connector

Removable Face Panel Wiring

Figure 3.2.2.1: Interface Box Wiring. The interface box is where all internal signals are accessible through
the face of the box. The Oval to the left are the lines coming out of the pipe (Figure 3.4.1.1) into the box.
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3.3 Designed Circuits’ Schematics

3.3.1 Gas Jet Controller

B2 del Ovmnodd 5

| .
| ,
g . ! l ( ’u
-4 dHiL B -
At
- e ) 4T USAE RSADERY A
. . " ime Bodo b Ty 10 N Cos Jet Conlealter . .
- = - 0 l--m )
Figure 3.3.1.1 Schematic of circuit that fires the gas jets on command.
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3.3.2 Differencing Circuit

I\ L MPRND. FANEL
o 0
1
e
— - i
weandg
[ L
IEad
. - o
- —
8 = B
| 2t p—
- -
| .
- - L WY UBAF Accdumy : —
ne
™3 An plifer
A N Hew fukhe AL R A
e Rerra B e 1 eoee we g e e
" e S Pors | 0 £ 20 n 15-10044
TR I

i _
Figure 3.3.2.1: Schematic for differencing circuit. Subtracts 1.800v from the satellite position signal
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3.4 Skeletal Design
3.4.1 Satellite Stand

See magnification__——»> S
for further detail / N,
/ 3 =~ E
2.5602"-Allows for !
D012 interfelence —f  f— |
I fit with beannq ] Please round Off All Edges
\ |
\ /
7]
* .‘ StDP\\ s }
@ Se [ P
L] B | B
S T
Mounting Block:
1/4 inch Al mounted 5
to face of pipe =
opposite stop. 5
o™
T
el 52 o] Weld
; | - & Mount QD Holder Here
’l v +
. R1" —/@ : 0 14" °
Top View ugs,
magnification
Not te Scale
Bridge Siop
2inch long — / Made from solid stock \ Legs —\ /‘ Bridge
5 inch tall, U
1/4 inch thjck,
Inner dia approx 2 3fé inch wide Mounting Blo:
Center must remain 1
hollow for wiring and
air line. \\ Weld to
I inside
& of pipe
B ; _X Part name: Satellite Simulator Stand
< Siip fitinto pipe Material: Al
4
e I Scale: 1/8"=1"
pipe/outer radius &
of base os shouider ¥ i Jim B Mai USAF
lnner radiusof ! ! . Im Oom, aJ’ 3 Mar 98
base of shoker Dan St. Pierre, 2LT, USAF

Figure 3.4.1.1: Satellite Stand. Base for SADSaC provides support and mobility. It also contains a surface
to mount an interface and a mechanical stop.
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00008000 3.4.2 Satellite Structure

Top View without middle shelf

2"
45 deg an

a

4 - Gas Jet Mount
5" long x 1.5' wide
.24" thick

—= = 3/1 6"

Front and right side view (Symmetrical)

1

i Tab weided on to support
Ph:d-glass side. Tabls
172x i

Support for middle
shelf. 1/4 inch off
edge of post to

allow for Plexi-glass
side, but to be flush
with inside corner

of post. 1/4 inck thick.
See Iso view to the
left.

p .
1/4" thick f Tab as described above.
gl ]

I

Jim Bloom, Maj, USAF> Mar 98

Dan St. Pierre, 2Lt, USAF

w
z |
= -
o
=
2w
O o
= |»n

Part: Satelite Base

|
7 1 T
T B 11"
|

Figure 3.4.2.1: Main section for satellite structure. This figure shows the dimensions of the satellite
structure, the gas jet mounts, and the tabs for plexi-glass attachments. .
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A7)

AVa¥

JANSN

Yo

<> . Isometric View for Satelite Base

\

Support for Middle Shelf

Part Name' Satews Base (10)

Scale’ NOT TO SCALE (Refer ehewnere)

Tabs for plexiglass 5 Mar 90

en BOOM, Maj, USAF
Dan St Plerre, 21, USAF

Figure 3.4.2.1: isometric view of satellite structure. This better demonstrates the shape.

R11/4°
L —R13/4"

—R21/4"
~—R3"

Bearing partially hidden

Bearing block was pre-buik to these dimensions
with bearing set in it.

Bearing - MRC 5213K

ID =2.5591"00D=4.7244"

Part Name: Bearing & Block

Scale: 1"=2"

Jim Bloom, Maj, USAF 5Feb 98
Dan St. Pierre, 2Lt, USAF

Figure 3.4.2.3: Ball bearing and block. Shows the bearing and its mounting block. Holes correspond to
those in figure 3.4.2.1. The bearing also has an interference fit to the satellite stand (Figure 3.4.1.1)

SADSaC
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11.625"

9.875" 1 Shelf Top View

X
%)
o

¢—eﬂ rs— 1.3/4"

D 187 : l
R1 1/ j l

|
|
|
|

R

D.187" W

R
]

9 3/4"
10 3/4" '
11 3/4"

21172"

Front view

Part: Shelf
Jim Bloom, Maj, USAF 3 Mar 98
Dan St. Pierre, 2Lt, USAF

Figure 3.4.2.4: Middle Shelf. Provides support for the reaction wheel, the motor, tachometer and optical
encoder bracket.
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Encoder Bracket

Side View Front View
-

7]

S~ 3M6"hole — |

012" —

316 hole —— |
58"hole ——— |

Tachometer Bracket

) 012" —=|

All material 1/8" Al.

N

Holes drilled and tapped; 8-32

Part Name: Encoder Bracket

4-3/16" 1/2" —= > Scale: 1"=2" 7 April 98

. 3/16" slot x2 " )
2 5/8 . Jim Bloom, Maj., USAF
1/2" slot (+1/32) . Dan St. Pierre, 2Lt, USAF

Figure 3.4.2.5: Encoder Bracket. Tachometer bracket fits into encoder bracket to hold the absolute optical
encoder and the position tachometer the bottom to the middle shelf (Figure 3.4.2.4)
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Motor/ Tachometer Mounts

/m 14"

Screw hole tapped for
bolt to hold piesec togethe!

\
|
i
|

1 Bolt to adjust tension on Mot

Bracket to mount the mount

31/2"

Filler to mount tach. x2

Part name: Motor/Tach Mount
Scale: 1-1 8 April 97

Jim Bloom, Maj, USAF
Dan St. Pierre, 2Lt, USAF

Figure 3.4.2.6: Motor/Tach Mounts. Blocks hold the motor in the middle shelf (Figure 3.4.2.4) in an
upright position to drive the reaction wheel. Since the tach is smaller the filler is used.
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217/16"

#10 Body
Drilled to
fit sides
universally

17 15/16"

22"

Drill holes in Plexi to fit sides,
then drill holes in sides so
plexi will fit universally

1/4 Clear Plexi

Jim Bloom, Maj, USAF
Dan St. Pierre, 2Lt, USAF

Figure 3.4.2.7: Plexi-glass Sides provides protection and allows for visibility to the internal equipment.
The holes fit to the tabs in Figure 3.4.2.1

SADSaC
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41/4" x5 1/2" x 1/4"

Front View

0 1/4"

Part Name: Top Stop

Material: Al

Scale: 1"=2"

3 3/4" | 5Feb 98

Jim Bloom, Maj, USAF
Dan St. Pierre. 2Lt, USAF

Figure 3.4.2.7: Satellite Mounted Mechanical Stop. The stop prohjbits 60° of motion for the satellite. This
allows for a total of 300° rotation.
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3.4.3 Reaction Wheel
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Reaction Wheel
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1
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.
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1
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!
)
,
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:

-
w

112"

Part Name: Reaction Wheel

Scale: 1"=3"

Mat: Al

Jim Bloom, Maj, USAF

16 Mar 98

Figure 3.4.3.1: reaction Wheel
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Reaction Wheel Stand

Bolt holes set 30deg apart. This was premad
and not all holes used

Dual bearing combination fits in hefe-for——_
semi-frictionless spinning.

Part Name: Reaction Wheel Stand| Scale' 11 Material: Al
Jim Bloom, Maj, USAF 17 Mar 97
Dan St. Pierre, 2Lt, USAF

Figure 3.4.3.1: reaction Wheel Mount. Mount holds reaction wheel above surface and contains a dual
bearing system allowing for near-frictionless movement of the wheel.
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3.4.4 Airline Mounts

Stand mounted QD Holder

O

4

Attachment Plate

Hold Down Plate———~.

==
1 [
11

T T
el

e
Centering Plate——"

al

3.00"

o
™~

" #10-32 Body Holes
g (4 Places)

¥ s

#10-32 body holes

(4 places)

0.610"

2.406"

Hold Down Plate Centering Plate

. Jim Bloom, Maj, USAF 5 Mar 98
Part Name: Stand Mounted QD Holder Dan St Pierre, 2Lt USAF
Material: Al

Figure 3.4.4.1: Stand mounted Quick Disconnect holder. This is welded to the stand (Figure 3.4.1.1) and

provides a solid mount for the airline running up the pipe.
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Satellite QD Mount

Top View
&
Sy | |
ke N 1/4-18 NPT
| |
% | 187"
@ |
= |
el ’ Weld
| / |
{ -
! |
| | -
| |
‘ 1" 2" 1" l
| — |

Part Name: Satellite QD Mou Jim Bloom, Maj, USAF 5 Mar 98 Material: Al
Dan St. Pierre, 2LT, USAH

Figure 3.4.4.2: Satellite Mounted Quick Disconnect Holder. Mounted in the satellite structure, this

provides a solid hold for the airline coming out of the pipe.
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4.0 Activity Plan

4.1 Overview

In order to accomplish this design in the most efficient manner, an activity plan
has been set up with all expected procedures listed. This is necessary to stay on track
during the design and ensure all activities are accomplished in a timely manner. This also

helps to determine a proper timeline in which the activities will be accomplished so one T

piece does not hold up the rest of the design if it could have been done copcuﬁently. For y}‘d}g

example, ordering the unavailable parts while the frame is being built. , % '
4.2 List of Activities

¢ Outline system reduirements
e Design SADSaC’s skeleton and exterior features

e Build SADSaC’s skeleton and exterior features

® Acquire necessary parts either by ordering or setting aside those in 7
hand
—

e Design and build a gas jet controller

e Plan system wiring

e Assemble and connect parts

¢ Test assembly

e Find necessary motor parameters

e Mathematically model the system

o Test the model - find actual model
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e Design a controller for the system

e Prepare computer to interface with the system

4.3 Gant Chart

February March April
26| 2 91623 2 916 23 30| 6 13 20 27|

Outline system requirements
Design skeleton and exterior
Build skeleton and exterior
Acquire parts

Build a gas jet controller

Plan system wiring

Assemble and connect parts

Test assembly :
Find necessary motor parameters
Model Mathematically

Test the model - find actual /// N
Design a controller .

Prepare computer interface
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5.0 System Testing

5.1 Satellite Moment of Inertia

5.1.1 Purpose |

The satellite’s moment of inertia is a fundamental quantity that must be
known in order for any modeling to take place. It has a part in everything driving the

system.
5.1.2 Procedure

For this test, the gas jets will be used to apply a constant torque. The
thrust applied by the jets varies according to pressure in the airline, so it must be
measured beforehand. Apply step torque to the satellite using the gas jets. The thrust can
be measured with a spring scale. The torque is the radius arm multiplied by the thrust.
Measure the velocity and position of the satellite with respect to time using the strip

chart.

5.1.3 Result

Using the equation 6(f) =

N | =

-—Jzt2 and the results from the strip chart (see Appendix), J,

can be solved for using position and time. Likewise, the equation co(t) = }——t can yield a

v

Jv value using the angular velocity. T is the torque and is found by multiplying the thrust

by the radius out from the bearing. J,= 2.5 KG-m®. See Appendix D for Data.
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5.2 Reaction Wheel Tachometer Calibration

5.2.1 Purpose

Since the tachometer being used is a pre-existing component and has no

documentation, the volt to rpm ratio must be found in order to measure the wheel speed.
5.2.2 Procedure

Since the volt to rpm ratio is needed, all that the test consists of is a time '
measurement and the amount of turns in that time, along with the output of the
tachometer at that speed. For convenience a yellow tab is placed on the wheel for easier
counting. Two trials will be done to eliminate human error. ‘Actual counting of the
revolutions can only be done at low speeds, so a strobe light will be used to measure the
frequency at higher rates by timing the strobes to keep the yellow tab on the wheel
stationary. When this occurred the frequency of the strobe equals some integer mulﬁple

of the wheel.

5.2.3 Results

5.2.3.1  Low Speed Tests

The results for the low speed tests are as follows:

Input Voltage (V) # of Revs Time (seconds) Tach voltage (V)
2.44 22 18.67 2.75
2.44 24 : 19.73 2.76

Table 5.2.3.1: Results of low speed tachometer calibration tests.

Results of the first trial are;

_22revs 187V 6055~ 10 7rpm
18.67sec sec min
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And the results of the second trial are:

24revs ~122 revs 60 se:c = T3rpm
19.73sec sec min

The average of the two trials is 71.9rpm. To find the ratio of volts per rpm, divide the

number of volts by total rpm.

5.2.3.2  High Speed Tests

The table below shows the results to the strobe light tests.

Strobe Frequency | Multiple | Actual Frequency Tachometer Total rpm
(rpm) (rpm) Voltage (V)

428 3 142.7 53 0.037
426 3 142 5.25 0.037

Table 5.2.3.2: Test results using strobe light for frequency.

In this case the second trial was run in the opposite direction to verify that the

tachometer did not have a bias voltage.

Using the three values for the tachometer, and taking an average yields a

tachometer reading of 0.037 volts/rpm.

5.3 Motor Parameters

5.3.1 Purpose

As with the tachometer, this is a generic DC brushed motor. It is therefore

necessary to find certain parameters, mainly A and B for the mathematical model
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(B= Ju and 4= % x B). The purpose of testing the motor parameters is to find
T .
m . a avg

values needed in the mathematical model relating to the motor.

5.3.2 Procedure

The time constant, T, is defined aé the time it takes for a system to reach
63% of its steady state value given a step input. (See Appendix D) To find this valug_, '
apply a step input into the motor and time the response using a strip chart connected to
both the output of the motor and the input signal. When this is finished, find 1, from the
results.

5.3.3 Result

Four tests were run on this motor with different step inputs. To eliminate

error the average value was taken. The following table lists the obtained values.

Step Input, V, (V) Vass (V) 63% Vas Time, T, (seconds)
-3.5 -8.8 , -5.54 20.1

-3.01 -5.35 -337 15.9

2.96 6.2 3.61 18.6

3.49 95 5.99 21

Table 5.3.3.1: Values of Motor Parameter Testing.

The average T, = 19sec.

Knowing the moment of inertia of the reaction wheel the parameter B can be

calculated.

Tm=—
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B is a necessary quantity in the mathematical model of the system.

Jw=.1816 kg*m’. Solving for B and substituting in the known values yields:

2 2
Ju _ 1816kg-m — 00096 kg-m
T, 19sec s
2
B=00006 8™
s

The other motor parameter A has the following relationship;

Q,_4
Va B
Converting the tachometer ratio from .0037volts/rpm to volts/rad/s yields 0.35v/rad/s. Qs

is obtained by dividing Vg by the tachometer ratio.

Vass (V) Q. (rad/s) Va(V) | Qy/V.(rad/s/V)
8.8 251 35 717
535 153 3.01 5.08
62 17.4 2.96 5.08
95 271 3.49 777

Table 5.3.3.2: Conversions for Qs/V,.

‘The average Q/V, is 6.5rad/s/V. Solving for A yields:

4= p_gospa N

Va o volt

N-m
volt

+ A =0.0064
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5.4 Satellite Frequency Response

5.4.1 Purpose |

\

i

| The purpose of obtaining a frequency response of a system is to determine
| _

i the system’s transfer function by plotting the frequency (log scale(rad/sec)) vs. gain (dB)
|

| on one plot and frequency (log scale(rad/sec)) vs. phase (deg) on another. With the

transfer function, a controller can be designed.
5.4.1 Procedure

With a frequency generator and strip chart, send a wide range of
frequencies into the reaction wheel command poﬁ. The satellite will reépond to the
continuously changing amplitude. From the satellite velocity port connect this signal to

 the strip vchart along with the signal from the frequency generator. The signal range was
between .0036Hz to 4.00Hz. From the strip chart, compare the waveforms obtaining a

phase change from input to output and the gain of the signal from the input to output.
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5.4.3 Result
Plotting the results and throwing out obviously bad data yields the

following plots .

SADSaC Frequency Response

Phase (deg)

-100

Frequency (rad/s)

Figure 5.4.3.2: SADSaC frequency response phase plot. This also indicates a corner
frequency of lrad/sec since the plot goes through -45° at this point.

SADSaC Page 38 05/04/98



Gain (dB)
BEb88 5o

]
S

Frequency (rad's)

Figure 5.4.3.1: SADSaC frequency response gain plot. This indicates a corner frequency
of near 1rad/sec.

The following transfer function can be obtained from these plots:

v, 00316

V s+1

a

After changing the gain on the servo amplifier, a new transfer function needs to
be found. This new function will have the same phase as above with a different gain and

is given below

Ve _ 01
V.  s+1

a
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Plotting the first transfer function on MATLAB yields:

Bode Diagrams

-30 —
\.\\\\
-35 \\
S -0
T
< -45 \\\
2 N
5 N
© -50
=
§ 0
[} [
" \\
£ 1~
o N
90 \\
\\\\
-100
10™ 10° . 10’

Frequency (rad/sec)

Figure 5.4.3.3: MATLAB Bode plot of equation 5.4.3.1 verifying the transfer function
fits Figs. 5.4.3.1 & 5.4.3.2.

5.5 Deadband on Gas Jet Controller Circuit

5.5.1 Purpose

The purpose of finding the deadband and hysteresis is to determine +5,

and +5,, which are necessary parameters in the gas jet control scheme.
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5.5.2 Proéedure

Adjust the positive voltage into the gas jet command line until the jets fire.
Record this value as +8,. Turn the positive voltage back down until the jets turn off.
Record this as +6;. Do the same procedure for a negative command. If these values are
undesirable, adjust the appropriate potentiometer until it fires at a desirable command.

5.5.3 Results

At the time the test was taken, and the controller designed the following

values were recorded.

+52 =1.09V +61 =1.05V

5,=-1.08V | -5,=-1.03V
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6.0 Mathematic'al Modeling

6.1 Opverall System Block Diagram

~ Tachometer

p Ky

. . wT
—p] Gear Ratio (——)
. @
Rx Wheel
System R
1 |{]e @ad/s) | 1| 6 rad)
+ J VS Ky
Gas Jet
System
] v = Inertia of entire vehicle &y =~2-5 kg-m’
J; = Inertia of satellite K =0.0573v/ rlad
Jw = Inertia of wheel K,=0.153 volis

L =Xk+1,

o = Satellite angular velocity

ot = Tachometer shaft angular velocity
0 = Satellite angular Position (+180°)

SADSaC -
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rev
Gear ratio = 3.75
J, = 0.1816Kg-m’

Absolute
Optical Encoder

O)T Kw ] Vm (voltsq

Ve (voltsA)r
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6.2 System Dynamics

6.2.1 Derivation of Equations
Looking at the entire vehicle and then the wheel separartely, we get the following free —

body diagrams:

Tp

T = motor torque
Tp = disturbance torque

U‘sing Z T=J6 with Q= Rx wheel angular velocity and @ = satellite angular velocity

For entire vehicle: -7 =J o -7, For Rx Wheel: T, =J, (Q+®)

Combining -
T, -Jo=J,(0+0)
JQ+J o+J0=T,
J, +J)o=T,-J,Q

- T,-J0]
w=-"2—Y_
J,+J,
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Note that for no torque

-JQ

s W

T J+J

w v

J,+J)wo=-J,Q

J(@+Q)+J,o=0
— Y LY_/

N :
Wheel Sat

Momentum Momentum

Momentum is conserved! (under ideal conditions)

Adding in Friction Losses:

I DQ
DQ Tp

Ty = motor torque

Tp = disturbance torque

DQ = drag torque (proportional to motor speed Q - friction losses)
~T,+DQ+T, = J o - T.-DQ=J,(Q+d)
T,=T,+J,&~DQ (eqtn6-1) In = J,(Q+ @)+ DQ (eqtn 6-2)
Motor Dynamics:
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DC motor with torque proportional to armature current.

1,=(Ki )i, K= gain i, = field current = constant i, = armature current
v, = (Ki;)Q = voltage drop of motor v, =input voltage R, = resistance in windings
+ ) . Va - .
using KVL

, | v,~i,R, ~Ki,Q=0
) .
R, %l “ | i,R,=v,~Ki,Q
i :v_a_&g
v, = (Ki, )Q R, K
&

Substituting for i, into the motor torque equation 7, = (Ki, )i,

v Ki
T =(Ki )|==-—L0
m ( lf)|:Ra Ra }

2
Ki Ki
T = [—Rl—f)va - (_}—QI)—Q (eqtn 6-3)

a a
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Combining Motor Dynamics with Spacecraft and Rx Wheel Dynamics:

Substitute equation 6-3 into equation 6-1 for Ty,

2
Ki Ki -
T, ==L va—-( /) Q+J,0—DO
\R J° R

a a

a

. . \2
];:(—K—li)v - @+D Q+J,0

R

a a

solve for @

Now substitute equation 6-3 into equation 6-2 for Ty,

2
Ki Ki -
(Rf)va—( Rf) Q=J,(Q+d)+ DO

a a

solve for

N L
Jwﬂz(K—lf—)va— (—K’-fi)—+D Q-J,o
R R .
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substitute equation 6-4 for @ in equation 6-5

2 2
. Ki Ki Ki Ki
=1 ——'!-’-va—l( ) pla o, (K b, -1 (%), pla
JAR J*"7| R 7, T\R )T\ R

w a a v

| 2 |
. Ki Ki
-l (L, YK, (1 ) (eqtn 6-6)
J, \J, L NR Jo. L) R,
2
Ki
Let A=—1 B:( Rf) +D

T, 1 ' ,
o="2_" 4, +21po n 6-
7T Va 7 (eqtn 6-7)
o=-Bo [ Ly [Li1)zo (eqtn 6-8)
o\ YA
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6.2.2 Reaction Wheel System Block Diagram

Use equations 6-7 and 6-8

Tp 1
—’ R
J,
Va 1 1 " Q ] @ B L X o |1 @ [1] 86
—P| A —+— - > — » »| — - >
Jo I, - s J, s s
B_1_+._.1_
Jo I,
y A4
JV
Simplifying:
Tp 1
__.___—’ —
J,
1 1 {ig 0 Tl 1 +i'IwI9
Va + 1 + 1] + w 1 1
ol [ —+— el P — = —
(Jw Jv) S B - Jv S
Spacecraft

Rx Wheel & Motor
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Let C= }L + Ji and further simplify

w

v

TD 1
—’ 7
£
s
Va +
A > BC
- s
Further simplifying:
Tp 1
—_._._.’ '_]_
B
s
BC "% T [1 ) 0
Va + m + [0)] 1 w 1
s+BC Q J, . s s

SADSaC
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To 1
—_bh 7
B
s
. - - T 1
: = A > —
S+BC Jv
Further combining blocks:
Tp 1 S-E
S J
s
4 T 1 " ¥
Va —AS m _ + (0]
s+BC | ™ O

la)le
Ky s

Note that the Rx wheel motor is uncompensated. We can add a compensator (Gen) to

allow us to treat the Rx wheel and compensated motor as just a constant! Then we will

have a simple 2™ order system to contend with.

Page 50
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Let’s ignore disturbance torque for now. We now have the following;

Ve Va —As . |1 ]| & 1| @ 0
— > Gw |—¥ T = >
s+ BC v s

Compensator Uncompensated motor

Compensated motor

| —

V. is now the command voltage

s+BC
s

Let G, =

(which is just a proportional + integral controller)

Therefore, the resulting compensated motor can be represented as just a gain (-A) and we
greatly simplify the mathematical representation of the system making it second order.

Then, we have the following simplified system when we compensate the Rx wheel

motor.
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Adding back in the disturbance torque we get:

b 1(, B
> LU I
s .
Ve Tm 1 D D
—— A b

When we determine the actual motor parameters, the value ~~ will be small and we will

v

be able to ignore it. This will greatly simplify our analysis of disturbance torques.

- 6.2.2 Motor Parameter Dynamics

From equation 1-2, if we hold the spacecraft still (o = 0), we get the fbllowing

relationship for T

T =J,Q+DO

. ki, _(Ki)
and from equation 1-3 we know 7, = v, — Q
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' J,,5Q(s) + DOY(s) + ~—L

Equating the two we get:

. . 2
JWQ+DQ=(I:f )va (%) 9}

R

a a

Assume Q(0)=0 (i.e. start the wheel from a dead stop)

(K f) Os) =

And simplifying

J ,5Q(s) + [D + (K;f ) )Q(s) |

a

Ki (ki)'

Recall 4 =—L
R, R

Therefore

J,8Q(s) + BQ(s) = Av,

Q(s)[J WS+ B] = Av,

Qi) 4 00624
v, I,s+B (01816)s+0.0096

a

Test using a step response to determine A and B.

V.

4

/ J, _0344(035) Q ¥,
5 2l

s+/J s+0053 v, Q v,

st = vaA :> QSS = ﬁ
B v, B
and
A
r Q
B () r_ = Ju_ time constant
w S+1 va (S) B
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and the time response for a step voltage input (v,) should look as follows:

QSS

0.63Q),

Q(t)

T .
" time

Therefore, we can determine A and B from this plot. See Section 5.3 for testing

procedure and results.
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7.0 Controller Design

7.1

7.1.1 PI Controller

Specific Reaction Wheel Controller Design

From the following block diagram, it is evident that a PI controller would be useful in

eliminating the first block.

Va —0.079s 1 1 1
) 1 — il 2o
s+1 J, s s
@ o 6
~ =>PI controller
+1
Gp=-
s
Add P+I controller to the above block diagram.
V, s+1 |V, —-0.079s | T 1 el ® 1
s s+1 ‘ J, s s
\_..v__J
PI Controller
The PI controller eliminates the zero and pole simplifying to,
v, -0079 1 o1 | e | 1] 6
25 s s
Further simplifying,
Ve @ 1 ® 1
— | 00316 " S

From this block diagram, it is known that

@ =-00316V,
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7.1.2 Lead Compensator

In using lead compensation, the intent is to change the phase plot of a Bode phase

response to reduce the percent overshoot while increasing the response time.

Specifications

T, <Ssec
PO <20%
From the definition of 6 and wq,

0'=£:O.66
T

R
T

2-T,

=031

a,; =

Design point ——JPp 1 0.6j

NAANA

s=-06+06j
—00316

2
S

G

This yields a phase change of -270°. We want an angle of 0°, since this system uses

positive feedback and there is a negative forward path.
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G. = transfer function of compensator
G = transfer function of system

H = feedback gain

GCGH1 =1

ZG.G=0

£ =-270+(-180)=-450=-90
Need to add +90°. Lead compensation.

116.5°
26.5° .

Using the above design point, s=-0.6+0.6j, and choosing a pole at —0.3, the zero must be

at —1.8 with a resulting gain of 11.2 as follows.
Root Locus plots demonstrate the movement of the poles as the gain is increased.
Since there is a negative forward path and positive feedback, the ‘rlocus’ command on

MATLAB must contain the negative value for the open loop transfer function.
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7.2 Reaction Wheel Control

Block Diagram

V. T.
_l/_\ ] - Q)

V =Kok, +K,0

6 =1x,
b=w=1x,
T.=-0W, & T, =0

c

T, =-01[K, 0K, + K 6]
T, =-01K,K,w —0.1K,0
T, =-01K, K, x, — 01K x,

6=x,=-01K K x, 01K x,

x] [ o 1 X,
%, | |-0lK, —0l1KK, |x,
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K -1
[s] - A] = [ ]
01K, s+0IK.K.

|sT — A = s(s +0.1K K, )+ 01K,

s> +01K.K s +01K, -
Specs
T <S5sec o3>3 _66
- T
| ®, =——=031

PO <20% 2T,

Design point —— P« 406

-0 gﬁl NA \
s =-0.6+0.6/
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s =-06+06j]

S

s* +125+072 = 5% + 01K, K.s+ 01K,

01K, =072

K =72

- 12=01K.K, =01(72)K,

K =167

7.3 Gas Jets Control

Block Diagram with Gas Jets

va _ 0
T ! 13, H /s H s
K,
V,=-K[(0+K,0)
=-KO0-KK@
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Using equation of motion for torque and inertia yields the following relationship;

JO=T
Converting to state variables, let
0=x,
then
X =X,
i
x,=—1I,
J,

Substituting into V, gives,

V,=-Kx,-KK

r

In matrix form
X
tr, k7]
. X,
T. is nonlinear and has the following model with hysteresis;

T.

+T L
-8, -3, i ’
» 3 5, - Ve
. ’ ___—T

T=-T,0,+T
Nonlinear

Lets look at all three possibilities for T..
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For T, =+T
dx. dx
X =X, —d71=x2:>dt=—)—c;1—
LT & T d
2=y L sa=-22y
v a J

Using algebra, this simplifies to:

2T 2T
=200 -2 (0)+2(0)

v

which is a family of parabolas in the form y* = kx+c.

X2

X]

il BN

ForT,=-T
dx

x1:x2 _dt—lzxzjdt:—;—

-T = 2
RET o e .

t J,
And this simplifies to:
2T 2T

x2 = 4 +~J—x1(0) +x3(0),

v
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This is another family of parabolas

X2

Finally for T, =0

Xy =X

&

% =0

5

X2

vvyYy

Xy

AAA

Now analyze control in the phase plane.
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ForV,= +52
From control law;

+6, =K x,— K K x,

-0
— 2
xl - - erZ

This is the equation for a switching line. Since V, = +8,, this represents the line
where the control torque (T.) goes from OFF to ON in the “+” direction.

Applying the same approach, we come up with switching lines for the other §’s.

For V_a=+5;
-5,
x,=—Kx
1 KC rv2
For V, = -%;
o
X, :?ZC—K,J«:2
b
Xy :Fl_erZ
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To summarize:

v, =+52:>x1=31_-;-5i—1<,x2

‘ -6
‘ . K,=f51:>x1:—1?—1——Kx2

V,=-8,>x, :%—erz

1)
'Va:-—51:>x1=—l~<L—Kx2

r

Plotting these switching lines in the phase plane:

X2 ~ Slope =-1/K;

AV N \/
- Te=-T |
S31/K. 3,/K «

T=+T

This spiraling continues until you reach a limit cycle in which case the satellite oscillates
back and forth between 16 sy

__J (8:,-8,), 8.+5,
m T 8TKZ\ K 2K,

<
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8.0 Evaluation Plan

The Evaluation Plan is the method by which the system is tested to ensure that it
. performs the desired functions according to specifications. Any deviations from the

specifications are noted here along with the tests performed to meet the specs.

8.1 Manual Controller

The manual controller was designed to allow the usér to contfol SADSaC with
his/her fingertips. 'This also lent for the opportunity to make sure the entire system was
wired properly. Using the manual controller, the gas jet system and the reaction wheel
system were tested immediately after assembly was completed. Initial tests revealed that
the gain on the servo amplifier was not properly adjusted so the reaction wheel would not
move and two of the gas jets did not fire. This was resolved by cranking up the gain on
the servo amp, thus pumping more current to the motor and a bad solder . was fixed on the
Gas Jet Thruster circuit. With these corrections, SADSaC functioned as it should have at

that time.

8.2 Reaction Wheel Controller

With the goal being +0.5° accuracy for this coﬁtroller, it is a relatively difﬁcult.
task with all of the uncertainties. A few things that affect this control problem are the
physical imbalance in the satellite causing it to drift one direction and a bias in the GP-6.
This bias causes the controller to think it is working when is actually is not.

These problems were all corrected. The bias was eliminated by adding a signal

equal in magnitude, but opposite in sign to drive the bias to zero. The imbalance was
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reduced by cranking up the gain on the servomotor giving more wheel speed for a given

error signal. In the end a £0.4° accuracy was achieved meeting the system requirement.

8.3 Gas Jet Controller

The gas jet controller had the same requirements and the same problems to
overcome as the reaction wheel controller, as well as a few of its own. The clockwise gas
jets would chatter when the command signal was between +58, and +8;. This problem

didn’t affect the control too much, it was just uncomfortably noisy. This problem is still

being worked out.
In any case, with the deadband on the controller circuit set at +1.V, the best

accuracy achievable was nearly +0.9°. This didn’t meet the ‘requirement, but was close

enough do to the problem with the chattering.
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9.0 Conclusion

9.1 Opportunities for Further Investigation -
Recommended Improvements

9.1.1 Optical Sensor

The addition of an optical. sensor would be and interesting addition to
SADSaC. Designing a control scheme to have SADSaC turn to follow a person with a
flashlight could simulate tracking a fixed point on the Earth, or sun-sensing during the
initial attitude determination of a spacecraft. SADSaC was built to allow for this type of
expansion.

9.1.2 Fix Chatter of Gas Jets

One of the most difficult problems in the design is overcoming the chatter
caused in the hysteresis band of the gas jet controller circuit. Although not causing too
many problems in the control portion of the project, there is some concern that this

| switching action may damage some of the circuitry or the solenoids, not to mention the

fact that it is noisy. A solution to this problem would improve SADSaC’s overall
performance as ah educational tool.

9.1.3 Replace Reaction Wheel Tachometer

The current tachometer for reaction wheel velocity feedback was left
over from a previous project and is extremely noisy electronically. So noisy in fact, thvat
at high velocities it generates enough AC to induce spikes in the other signal lines
running down the pipe. One of those lines being the gas jet command and this also

causes the gas jets to chatter. The noise also makes it impossible to get a clean signal for
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reaction wheel velocity feedback needed for momentum dumping. It is suggested that a

new tach, similar the one used for the satellite velocity, be purchased to replace it.

92 Commentary

This project, from the perspective of a relatively inexperienced engineer, was an
exfremely worthwhile undertaking. First it encompasses the entire spectrum of the
engineering process, starting from the recjuirements aﬁd ending with operation. The
experience gained in working with the people building the skeletal structure; having to
compromise on certain design features as to make their job ;15 easy as possible while still
meeting the requirements, was putting to practice the idea of making sure fhe méchinist
could build what was designed. Seeking out help from the “experts” when forward
progress halted in a circuit design and working until it worked, not the end of the class
period as before, all helped to make this a tremendous engineering experience.

As the author of this paper, I can say with certainty that working on this project

gave me extensive insight in to the work of an engineer.
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